An attempt was made to induce immune complex vasculitis by horse serum (HS) infusions in piglets, hoping to produce experimental coronary artery lesions that mimic Kawasaki disease. A total of 21 purebred male piglets of 1.5, 2.5, and 3 mo were divided into HS (n ϭ 14) and control, normal saline (NS; n ϭ 7) groups. In seven piglets, 5 mL/kg of HS was infused, then repeated with 10 mL/kg 10 d later. In another seven piglets, 10 mL/kg of HS was infused three times at 5-d intervals. In three piglets in the control group, 5 and 10 mL/kg of NS was infused at 10-d intervals. In another four piglets of the control group, 10 mL/kg of NS was infused three times at 5-d intervals. Twodimensional echocardiographic examinations for visualization and measurement of the coronary arteries were done before and after infusions at 4-to 5-d interval. Hematology examination showed that white blood cells and platelets decreased, then increased. The animals were killed at 14 -60 d after the first infusion of HS or NS, for histopathologic and immunohistochemical studies. All HS groups developed skin rashes and echocardiographic evidence of coronary artery dilation and histopathologic changes of vasculitis. None in the NS group developed vasculitis. The main changes of the coronary vasculitis were intimal proliferation, smooth muscle cell necrosis, and vacuolization changes. Those that received three HS infusions developed more skin rashes than those that received two infusions. It is concluded that piglets may serve as an experimental model for immune complex vasculitis involving the coronary arteries with skin rashes mimicking Kawasaki disease. Kawasaki disease (KD), an acute self-limiting systemic vasculitis of unknown origin, has become a leading cause of acquired heart disease other than rheumatic heart disease in many developed countries (1-3). Coronary artery lesions (CALs) with aneurysmal dilation, thrombosis, and/or stenosis, leading to myocardial infarction and death, have been recognized as the most severe complication (4, 5). Circulating immune complexes (ICs), triggered by infectious agents, bacteria, or viral or other unknown cause, have been detected in the early phase of KD, implicating that immunopathologic mechanisms might be involved in the pathogenesis of vasculitis in KD (6 -10). Attempts to produce coronary vasculitis have been made in mice, weanling rabbits, and guinea pigs by injecting infectious agents, foreign proteins, and Lactobacillus casei cell walls (11-15). Coronary arteritis was induced in weanling rabbits by injecting horse serum (HS) (16). Swine is a unique and promising animal for biomedical research, especially in the field of cardiovascular diseases (17, 18). IC coronary vasculitis, however, was never produced in swine. We tried, therefore, to induce coronary vasculitis in piglets, hoping that CAL mimicking KD could be produced. This study was designed to observe the skin and systemic reactions and hematologic changes, measure the coronary artery diameters by echocardiography, and examine the histopathologic and immunochemical changes of the coronary and systemic arteries 
Kawasaki disease (KD), an acute self-limiting systemic vasculitis of unknown origin, has become a leading cause of acquired heart disease other than rheumatic heart disease in many developed countries (1) (2) (3) . Coronary artery lesions (CALs) with aneurysmal dilation, thrombosis, and/or stenosis, leading to myocardial infarction and death, have been recognized as the most severe complication (4, 5) . Circulating immune complexes (ICs), triggered by infectious agents, bacteria, or viral or other unknown cause, have been detected in the early phase of KD, implicating that immunopathologic mechanisms might be involved in the pathogenesis of vasculitis in KD (6 -10) . Attempts to produce coronary vasculitis have been made in mice, weanling rabbits, and guinea pigs by injecting infectious agents, foreign proteins, and Lactobacillus casei cell walls (11) (12) (13) (14) (15) . Coronary arteritis was induced in weanling rabbits by injecting horse serum (HS) (16) . Swine is a unique and promising animal for biomedical research, especially in the field of cardiovascular diseases (17, 18) . IC coronary vasculitis, however, was never produced in swine. We tried, therefore, to induce coronary vasculitis in piglets, hoping that CAL mimicking KD could be produced. This study was designed to observe the skin and systemic reactions and hematologic changes, measure the coronary artery diameters by echocardiography, and examine the histopathologic and immunochemical changes of the coronary and systemic arteries
METHODS

Experimental animal.
A total of 21 purebred castrated piglets, weighing 9 -39 kg, aged 1.5-3 mo, randomly selected from a certified farm of national nuclear herd of the Animal Technology Institute Taiwan were subjected to this study. They were equivalent to human age of 3 mo to 1 y as per the percentage of maturation and metabolic age chart (19) . The design of this study was approved by the Institutional Review Board of the Animal Technology Institute Taiwan, and the care and handling of piglets followed the guidelines of the Animal Protection Law, Council of Agriculture (20) . The HS group consisted of 14 piglets, aged 1.5 mo (n ϭ 2), 2.5 mo (n ϭ 10), and 3 mo (n ϭ 2), and the NS group consisted of seven piglets, aged 1.5 mo (n ϭ 1), 2.5 mo (n ϭ 4), and 3 mo (n ϭ 2).
Procedures. Piglets were anesthetized by ketamine HCL (5-10 mg/kg body weight), azaperone (Stresnil; 8 -10 mg/kg i.m.), or thiamylal sodium (Cytosol; 5-8 mg/kg i.v.), alone or in combination. In each of seven piglets, 5 mL (2.6 g protein)/kg of HS (Cat. No. 16270-035, Lot No. 1026238; GIBCO BRL Life Technologies, Gaithersburg, MD, U.S.A.; Ͻ5% gamma globulin, virus, and mycoplasma negative) was infused slowly, then another 10 mL (5.2 g protein)/kg of HS was infused 10 d later in the same way. To another seven piglets, 10 mL (5.2 g protein)/kg of HS was infused i.v. three times at 5-d intervals. In three piglets in the control group, 5 mL/kg of NS was administered i.v., then the second dose of 10 mL/kg of NS was infused 10 d later. In another four piglets in the control group, 10 mL/kg of NS was given three times at 5-d intervals. Before and 60 min after the HS or NS infusions, whole blood was sampled from either the jugular or the femoral vein for the measurement of leukocyte, red blood cell, and platelet counts and Hb, cholesterol, alanine aminotransferase, and aspartate aminotransferase levels.
Echocardiography. Two-dimensional (2-D) echocardiographic examinations were performed using Hewlett Packard Sonos 100. The diameters of the left coronary artery (LCA) and right coronary artery (RCA) were checked and measured at 4-to 5-d intervals before and after the HS or NS infusion. For the comparison study of their diameter changes, measurements of the diameter were taken 5 mm from the orifice of RCA and LCA. All measurements were taken on the modified parasternal long axis and short axis and modified apical four-chamber views in both right and left lateral positions. All piglets were carefully observed before and after infusions until the day of autopsy. Intraobserver and interobserver measurements were tested.
Tissue collection and histochemistry. Autopsy was performed at 14, 24, 34, 41, or 60 d after the first dose of HS or NS infusion. Gross appearance and histopathology of the LCA, RCA, and left anterior descending and left circumflex coronary arteries and of the myocardium and systemic arteries such as aorta, and subclavian, iliac, and femoral arteries were checked and studied. The liver, kidney, spleen, ear, and skin were also studied. All tissue specimens were perfused and put in 10% phosphate-buffered formaldehyde. All materials were serially sectioned into segments of 2-to 3-mm thickness, and slides were prepared in hematoxylin and eosin stain. Other special stains, such as Masson's trichrome and van Gieson stains for collagen and ground substances and Ver Hoefe stain for internal elastic membrane, were also obtained.
Immunohistochemistry. After deparaffinization, tissue sections were treated with 0.05% trypsin for 30 min at 37°C. After washing three times in PBS, the sections again were treated with 3% hydrogen peroxide for 10 min at 37°C, and then washed three times in PBS. Nonspecific antibody binding was blocked by incubation with 5% normal goat serum for 20 min at room temperature. The sections were then incubated at 37°C with rabbit anti-human vascular endothelial growth factor (VEGF; diluted 1:100) polyclonal antibody for 1 h (Cat No. 500-P10, Lot No. 099CY10; Petro Tech EC Ltd, Cambridgeshire, UK). The sections were washed three times in PBS and incubated with biotinylated secondary antibody (Vector Laboratories, Burlingame, CA, U.S.A.) for 30 min at 37°C. The sections were then treated with peroxidase conjugated with 
212 avidin-biotin complex for 30 min at 37°C. After the last wash in PBS, slides were developed by incubation with diaminobenzidine until color development was seen. The slides were then counterstained with Mayer's hematoxylin and mounted for light microscopy. Statistical analysis. Analysis was carried out using the computer statistical package SPSS (version 7.5) for Windows mean values compared test. Results are expressed as mean Ϯ SD. Comparison between HS and NS groups was performed by using paired and two-sample t tests. Significance was assigned at p Ͻ 0.05.
RESULTS
Within 30 min after the first, second, and/or third HS infusion, all piglets showed systemic reactions, such as flushing, tachycardia, and chills. In two piglets, respiratory distress developed, and in four piglets, cyanosis was noted. Erythematous rashes appeared during or immediately after the HS infusion, on the legs in nine (64%) of 14 piglets, on the chest in eight (57%) of 14, on the ears in eight (57%) of 14, on the mouth lips and perioral areas in five (35%) of 14, and at the perineal and perianal regions in 12 (86%) of 14, as seen in Table 1 and Figure 1 . Piglets aged Ն2.5 mo developed more skin rashes than those that were younger. The rashes faded and disappeared in 6 -8 h in the seven piglets that received two infusions and persisted longer, even for 4 -5 d, in the seven piglets that received three infusions. None of the NS group showed the skin rashes or systemic reactions.
In the NS group, 2-D echocardiography demonstrated a 12-53% increase of the diameter of coronary arteries ( Table 2 , Fig. 2 ). The HS group showed a more significant dilation of the LCA and RCA (Table 2, Fig. 3 ). The coronary artery dilation was more significant in the group that received three infusions than in the group that received two infusions. Of the 14 piglets in the HS group, eight (57%) showed severe dilation, 100 -150%; three (21%) showed moderate dilation, 75-99%; and three (21%) showed mild dilation, 54 -74% (Table 3 ). The coronary artery diameter changes of the NS and HS groups were highly significant (p Ͻ 0.001; Table 4 ). The mean Ϯ 1 SD of intraobserver measurements of the coronary artery diameters was 0.5 Ϯ 0.05 mm and that of interobserver measurements was 0.6 Ϯ 0.08 mm, indicating that the measurements were reproducible.
Hematology pictures showed an abrupt decrease in the white blood cell counts, from an average of 21 Ϯ 8.7 ϫ 10 3 to 13.3 Ϯ 8.3 ϫ 10 3 /mL, then followed by an increase up to 26.3 Ϯ 9.7 ϫ 10 3 /mL 7-10 d after infusion. The average platelet count decreased from 373.3 Ϯ 123.8 ϫ 10 3 to 237.1 Ϯ 114.6 ϫ 10 3 /mL and then increased up to 552.1 Ϯ 227.4 ϫ 10 3 . A mild decrease of Hb levels from 9.8 Ϯ 1.6 to 8 Ϯ 0.5 g was also observed. No significant changes were noted in the levels of cholesterol, serum alanine aminotransferase, and aspartate aminotransferase (p Ն 0.05).
Histopathologic examinations of coronary and systemic arteries of the NS group showed no significant changes (Fig. 4A) . In the HS group, there were many changes of varying intensities, such as internal elastic membrane disruption, mild to severe intimal proliferative changes, and subintimal changes, such as coagulation of the cytoplasm, and disorientation, separation, cytolysis, vacuolization, degranulation, collagen deposition, total dissociation, and fibrosis of the smooth muscle cells (Fig. 4B-F , Table 5 ). Histopathology of the skin biopsy taken from the site of rashes showed perivascular infiltrations (Fig. 4G) . Arteritis changes of varying degrees were noted in 100% of left main coronary (LMC) and left anterior descending (LAD) and in 86% of RCA. Arteritis changes of mild degrees, such as disruption of internal elastic membrane, or patchy edematous areas and/or smooth muscle cell proliferation were also noted in systemic arteries with varying percentages: femoral artery, 21%; ascending aorta, 21%; renal, 14%; iliac artery, 14%; subclavian artery, 14%. No significant changes were observed in the carotid and abdominal aorta. Histopathology of other organs showed no significant changes. Immunohistochemical studies by avidin biotin peroxidase staining showed VEGF antigens in the tunica media and intimal regions in four of 10 piglets in which VEGF staining was done (Fig. 5) .
DISCUSSION
The pathology of KD has been well studied. The pathogenesis of the lesions, however, remains not well understood. Immunopathologic mechanisms may play an important role in the genesis of vasculitis in KD (6 -10). Circulating ICs in patients with early-phase KD have been detected (8, 9) . Onouchi et al. (16) reported that HS-induced IC vasculitis in rabbits was very similar to the pathophysiology of CAL in KD. Swine have been used for the study of cardiovascular diseases (17, 18) . They are large, omnivorous, and convenient for therapeutic trials (21, 22) . Heart and vessels are easier to examine with 2-D echocardiography. The coronary artery system is similar to that of humans and is applicable for interventional cardiology, cardiac xenotransplantation, and even heartlung transplantation (23, 24) . We used the weanling pigs for the experimental animal because of Ͼ80% of the patients with KD were infants and children under younger than 5 y. To avoid any infection-related vasculitis, we selected GIBCO BRL Life Technologies horse sera, with documented quality control, electrophoretic profile, stability testing, and microbiologic screening especially for Reo virus (25) . IC coronary vasculitis with or without aneurysm has been elicited by various agents in mice, guinea pigs, and weanling rabbits (11) (12) (13) (14) (15) (16) . The pathogenesis of vasculitis postulated includes the fixation of compliments by ICs, activation of compliment cascade, and the release of biologically active fragments, notably the anaphylatoxins (C3a and C5a), which increase vascular permeability and yield chemotactic factors for polymorphonuclear leukocytes (26 -29) . Tissue damage may also be mediated by free radicals produced by activated neutrophils.
After HS infusion, immediate leukopenia followed by leukocytosis we noted in the present study was similar to that reported by Onouchi et al. (16, 30) . Immediately after the HS infusion, platelets were also significantly decreased and then increased, likewise in KD, as noted by Levin et al. (31) . They found that peak platelet count was significantly correlated with the subsequent development of coronary artery aneurysms. ICs, detected by precipitation with polyethylene glycol, also appeared in the circulation as the platelet count increased. Platelets can be activated by many different stimuli, including contact with subendothelial tissues, ICs that bind to Fc receptors on the platelet, platelet-activating factors released from leukocytes, and several toxins or enzymes released by bacteria and viruses (31, 32) . Cochrane et al. (33) studied the role of platelets in a rabbit model of serum sickness vasculitis, which was similar to the vasculitis of KD where coronary arteries were affected. The platelet IC interaction in pathogenesis of KD was also studied (31, 32) . Thrombocytosis occurred with a peak usually in the third to fourth week after the onset of KD (34) . In our studies, thrombocytosis was the highest 5-7 d after the HS infusion, likewise that found in rabbits by Onouchi et al. (16) . Thus, platelets may become hyperaggregable in both 214 acute and convalescent phases of the illness, playing a role, in part, in the pathogenesis of vasculitis in KD (34) . All piglets that received HS infusion in our study developed varying degrees of exanthemas, starting mostly from the perineal regions, then spreading to the trunk, legs, ear, and mouth. The appearance and spreading of the rashes that we observed were somewhat similar to those of KD described by Fritter et al. (35) . Indurative edema and peeling of the skin were not observed in our study. Those that received three infusions of HS developed more exanthemas than those that received two infusions, suggesting that prolonged and continuous exposure to the sensitizing agent may lead to excess antigen, the formation of small to intermediate IC aggregates, not easily phagocytosed by the macrophages, circulating widely, tending to deposit in the blood vessel walls. Whereas exposure to the sensitizing antigen is low, larger IC aggregates are formed, easily phagocytosed by the macrophages (26 -29) .
To the best of our knowledge, 2-D echocardiographic studies on the normal coronary artery diameter and its changes in weanling piglets have never been reported. We interpreted the coronary artery dimension as abnormal when the increase was Ͼ12-53% of the baseline diameter that we observed in the control group (Table 3) . Our study showed that coronary artery dilations started to occur 5-10 d after the first infusion of HS. The echocardiographic findings of CALs observed in the piglets of our present study were similar to those observed in our clinical KD patients (36) . An altered lipid profile was found in KD by Newberger et al. (37) but was not found in the piglets that we studied. Long-term follow-up studies might be needed to observe the lipid profile abnormalities in piglets. The histopathologic changes of coronary arteries that we produced in piglets by HS infusions mimic the subacute to chronic phase changes of coronary vasculitis observed in KD patients (38, 39) . In all piglets, the changes were most significant in the tunica media, likewise the initial changes of coronary arteries in KD occurring in the tunica media at approximately 7-9 d after the onset of the disease, as reported by Naoe (40) . VEGF is one of the most important growth and survival factors for endothelium. It induces angiogenesis and endothelial cell proliferation and plays an important role in regulating vasculogenesis by increasing vascular permeability and vasodilation, partly through stimulation of nitric oxide synthase in endothelial cells (41, 42) . VEGF can also stimulate cell migration and inhibit apoptosis. In humans, VEGF was significantly elevated during the acute phase of KD (41) . The presence of VEGF antigen that we observed in the tunica media and intimal regions of the piglets' coronary arteries is an indirect evidence of vasculitis produced by HS infusion (42) .
Our study revealed that induction of IC coronary arteritis was possible in piglets of 9 -39 kg, equivalent to infants aged 3-12 mo. Type III hypersensitivity reaction, induced by antigen-antibody complexes, produced tissue damages as a result of their capacity in activating a variety of serum mediators, principally the compliment system. Both ICs and platelets may have some roles in the pathogenesis of vasculitis. Different measuring methods yield varying ICs of different sizes and compositions at different times in the course of a given disease (43) . ICs were also identified in the autopsy specimens of KD, suggesting that ICs might have played a role in producing the coronary artery changes in KD patients (43) . ICs were also 
HORSE SERUM-INDUCED CORONARY VASCULITIS
identified in the circulation of the experimental rabbit models with serum sickness (29) . The present study documented that systemic type III hypersensitivity reactions to HS infusions in piglets produced vasculitis mimicking KD. We suggest, therefore, that such a similar mechanism may be involved in the pathogenesis of coronary arteritis in KD.
Until now different kinds of protein, such as HS, infectious agents, and bacterial walls, have been used to produce the experimental coronary arteritis (11) (12) (13) (14) (15) (16) . Of those models, the present animal model is the first experimental model that comes close, mimicking most the clinical pictures of KD, but cannot be called a complete model. It is hoped that a complete KD experimental model will be developed in the future.
CONCLUSION
In conclusion, using the HS as the triggering agent, we succeeded in producing coronary artery vasculitis in 14 piglets. CALs were detected by 2-D echocardiography and were proved by histopathology. The rashes, hematoserologic changes, and CALs were similar to KD. We postulate that IC-mediated mechanisms may play a role in the pathogenesis of CALs in KD. A swine model of HS-induced coronary arteritis may serve as an experimental model of KD and may also serve as a model for therapeutic trials and prevention of coronary artery disease in KD. 
